Atmospheric H2O2 is typically determined by enzymatically mediated fluorogenic reactions that do not discriminate between H2O2 and organic peroxides. Reactions of Ti(IV) with H2O2 has also been the basis of colorimetric measurements of H2O2 but is too insensitive. A more sensitive determination is possible with the Ti(IV)-4-(2-pyridylazo)resorcinol (PAR) complex, however, unreacted PAR must be chromatographically separated. A titanium(IV)-porphyrin complex, oxo [5,10,15,20-tetra(4-pyridyl)porphyrinato]titanium(IV) [TiO(tpypH4) 4+ ], (TiTPyP) was introduced for the measurement of aqueous H2O2. In this paper, we show that TiTPyP can be used for measuring H2O2(g), it does not respond to CH3HO2. With a proper membrane collector, practically there is no interference from concurrently present gaseous SO2 and O3. The approach permits a S/N = 3 limit of detection (LOD) of 26 pptv with a 50 mm path liquid core waveguide (LCW) absorbance detector and a light emitting diode based light source. This is adequate for real atmospheric measurements.
Introduction
Hydrogen peroxide has been an important analyte for many years. It is of key significance in clinical assays, because a variety of analytes of physiological significance (e.g., glucose, cholesterol, etc.) are measured by treating the samples with the corresponding oxidase enzymes; this results in the formation of an equimolar amount of H2O2. A large number of approaches have been developed for the determination of H2O2; chemiluminescence 1,2 and fluorescence 3, 4 methods have the highest sensitivity. Often these reactions are mediated by peroxidase enzymes or mimics, the most common being horseradish peroxidase (HRP). Similar to their fluorometric counterparts, colorimetric methods that rely on HRP (or similar catalyst) mediated oxidation of a colorless dye substrate by H2O2 to form a colored product are also commonly used. [5] [6] [7] However, all these methods are based on redox reactions, and are therefore potentially susceptible to the presence of other concurrently present oxidants and reductants. Moreover, if the reaction is enzymatically mediated, expensive and unstable enzymes are needed.
An interesting reaction of H2O2 is its coordinative binding to Ti(IV) in strongly acid solutions. A yellow colored complex is formed, and hydrogen peroxide can be measured colorimetrically thereafter; the reaction has been used to determine atmospheric H2O2. 8 However, with a maximum absorptivity of less than 1000 M -1 cm -1 , the method is too insensitive to be practical. It has since been discovered that several Ti(IV) complexes (that have much greater absorbance to begin with) similarly react with H2O2, resulting in some spectral change from the original complex. The 4-(2-pyridylazo)-resorcinol (PAR) complex of Ti(IV) was among the earliest introduced for this purpose 9 and has been used by others in atmospheric measurement applications. 10 For best sensitivity it is necessary to chromatographically separate the excess reagent from the H2O2 complex. 11 Other complexes of Ti(IV), e.g., those of 2-bromopyridylazo-5-sulfopropylaminophenol, 12 2-(5-bromo)-pyridylazodiethylaminophenol, 13 o-sulfophenylfluorone, 14 5-(bromo)pyridylazo-5-propyl-N-sulfonatopropylaminophenol 15 have also been studied.
Water-soluble porphyrin derivatives can form intensely absorbing complexes with various metal ions. 16 It was found that a Ti(IV)-porphyrin complex, oxo [5,10,15,20- 4+ ], reacts like other Ti(IV) chelates to bind H2O2 and thus provides a very sensitive method. 17, 18 It has been used for the measurement of H2O2 in rainwater, and for the measurement of glucose, 19 sugars, uric acid, 20 sulfite 21 and oxalate 22 generally mediated by the corresponding oxidase enzymes, in some cases with pretreatment by other enzymes.
Our primary interest is atmospheric H2O2. It plays a critical role in conversion of SO2 to H2SO4. 23, 24 Thus far, we have attained the requisite sensitivities only by fluorometric methods. In most of these methods, either other organic hydroperoxides (methyl hydroperoxide, CH3HO2, MHP, generally being the most notable) interfere or special procedures are necessary to prevent such interference. Early work by Hellpointner and Gab 25 used chromatographic separation of peroxides with enzymatically mediated postcolumn reaction detection. Not only is the need for chromatographic separation cumbersome, it does not permit truly continuous measurement. In the present paper, we show colorimetric determination of gaseous H2O2 using the TiTPyP chemistry in conjunction with a solid state source-liquid core waveguide cell detector. Double digit parts per trillion level detection limits and a measurement scheme that has no significant problems from concurrently present CH3HO2, SO2, and O3 are attained.
Experimental

Reagents
Water soluble TiTPyP reagent (TCI America) was used without further purification. A 50 µM TiTPyP stock solution (34.03 mg/1000 ml 0.05 M HCl) was stable for at least 1 month refrigerated. 1 M stock H2O2 (50 ml 30% hydrogen peroxide diluted to 500 ml) was standardized by KMnO4 titration and stored refrigerated.
Distilled deionized water was used throughout. MHP was synthesized as reported; 26 a distillation procedure was used for final purification. H2O2 present in MHP solution was removed by passing the solution through an MnO2 column. The concentration of MHP in the effluent was determined iodometrically, by allowing the oxidation of KI in the presence of acetic acid under a blanket of CO2. 27 The I3 -formed was measured at 352 nm on an Agilent 8453A spectrophotometer.
Henry's law based sources of H2O2 and SO2 were set up as reported. 28, 29 The H2O2 source uses previously reported data, 28 the SO2 source was calibrated by absorption in 50 mM NaOH containing 10 mM H2O2 in a bubbler and subsequent determination of sulfate by ion chromatography. Ozone was generated with a mercury pen-lamp. The concentration of the generated O3 was determined by the neutral buffered potassium iodide method 30 and measuring the absorbance of produced I3 -at 352 nm. A photometric ozone monitor (Model 1003AH, Dasibi Corp., Glendale, CA) was sometimes used as a secondary instrument to monitor the ozone concentration.
Apparatus
The collection/analysis system is schematically shown in Fig.  1 . The diffusion scrubber (DS) used for collecting gaseous H2O2 into the liquid phase is similar in design to that previously described, 29 except that in the present work, both a Nafion tube (as used in the previous DS) and a thin wall (0.005″), expanded polytetrafluoroethylene (ePTFE) tube (Zeus, P/N 2E040 005E*FJ, large internodal distance (30 -50 µm)) were tested. A miniature air pump (AP) draws sample air through and feeds H2O2-free air to the DS. The sampling and zero modes are controlled by a three-way valve (V), governed in turn by a programmable timer or by a digitally switched relay from a PC. When V is turned on, the air pump output is directly vented, and the sample gas is drawn through the DS. When V is turned off, the pump exhaust is directed to pass through an activated carbon column that removes all H2O2 and this is fed as the sample to the DS. Effectively, this is the zero period. To ensure that the zero gas flow to the DS is at least as much as the air pump draws through it, a 23 gauge needle N is incorporated in a tee between the DS and the AP inlet, the needle allows ∼2% of the total flow (∼1.6 l min -1 ) as ballast to be drawn by AP. As a result, during the zero procedure, a small amount of zero air actually flows out of the sample inlet. The sample and zero periods were set at 3 and 7 min, respectively, the instrument thus working in a 10 min measurement cycle. Effectively, the gaseous sample is "injected" into a zero gas stream acting as the carrier for 3 min out of every 10 min, and flow-injection (FI) type signals are obtained.
Water and the reagent solution are both aspirated with a peristaltic pump (P) at 87 µl min -1 and merged in a tee. The stream then flows through a reaction coil L (0.46 mm i.d. × 3000 mm, 26 SW PTFE tube, Zeus Industrial Products, Raritan, NJ), potted in a low-melting bismuth-tin alloy (Cerrobase 5550-1, Canfield Technologies, Sayreville, NJ) in a poly(vinyl chloride) container containing two flexible siliconized heaters (Watlow, St. Louis, MO) in series (22.5 W total). An 100 Ω platinum RTD monitors the temperature and temperature control is achieved by a miniature temperature controller (type CN 1632 GNR, Omega Engg., Stamford, CT). The stream from the reactor then flows through the LED-based LCW flowthrough absorption cell (vide infra). A six-port injection valve I is present in the liquid line after DS so that liquid samples or standards can be directly injected. When liquid phase analysis or calibration is conducted, AP is shut off and the 3-way valve S is switched so that the DS is bypassed. A debubble port (DBP) is provided off a tee before the detector. This facilitates removal of any adventitious small bubbles in the detector, without system shutdown or disassembly, by injecting methanol through this port. Normally, the port is closed. To inhibit bubble formation, a 7 cm length of a 100 µm i.d. silica capillary was connected to the cell exit as a restrictor. The design of the LED-based LCW cell is shown in Fig. 2 . A 5 cm Teflon AF-2400 tube (i.d. 0.74 × o.d. 1.04 mm, Biogeneral, San Diego, CA) was coupled to two individual jacketed technical grade acrylic optical fibers (1.3 mm core, Edmund Scientific, Barrington, NJ) at each end through two tees.
The fiber termini were polished for better light throughput. The AF tube was jacketed inside a stainless-steel tube (J) to protect the AF-tube physically and from ambient stray light. Black opaque PTFE liquid inlet/outlet tubes were connected to the tee arms. Much of the existing plastic was removed from the top of a blue LED (λmax 449 nm, 5 mm dia., Nichia America Inc., Rank V) and the face was polished flat. A 450 nm interference filter (4.8 mm dia., half width 10 nm, Intor, Soccoro, NM) was glued atop the LED with optical grade epoxy adhesive. The light was then coupled to the fiber optic connected to the cell. The light transmitted through the cell is coupled to the detector photodiode (PD) by the distal fiber optic. A third fiber optic connected the light from the bottom of the LED to a reference photodiode (Ref PD). The detector electronics have been described previously; 31 it is also commercially available (www.globalfia.com).
Results and Discussion
Absorbance spectra
The absorbance spectra were measured with a photodiode array spectrometer (Agilent 8453A). A solution containing 10 µM H2O2 and 5 µM TiTPyP in 1.6 M HClO4 was prepared and allowed to react for 30 min at room temperature before spectra were acquired. The TiTPyP reagent itself absorbs strongly with maximum absorption at 434 nm. Upon complexation with H2O2, the intensity of maximum absorption decreases and the wavelength maximum red shifts to 442 nm (Fig. 3) . The difference spectrum is shown in Fig. 4 . The maximum difference is observed at 432 nm. In the extant literature, this is the wavelength that has been primarily recommended for H2O2 measurement. 17 When using a long path cell in a flow mode, measurement at 432 nm may have the maximum sensitivity (slope of calibration curve) but the best LOD is not obtained at this wavelength. Detection at this wavelength, or even at 442 nm (where the H2O2 complex absorbs maximally) leads to a high background absorbance and in turn to a noisy baseline. It can be seen from Fig. 4 that maximum increase in absorbance upon complexation occurs at 450 nm. While the sensitivity is ∼40% less than that at 432 nm, this is a positive signal low background absorbance detection method and leads to much better LODs than at 432 nm. As the spectra clearly indicates, the sensitivity is acutely dependent on the wavelength, the maxima and the minima in the difference spectra are not only opposite in sign, they are separated only by 18 nm. It is therefore essential in this method to have a light source that is temporally invariant with respect to wavelength. The center emission wavelength (as well as output intensity) of LEDs change with temperature and the half bandwidth of an LED emission band is also larger than desired. Thus, with an LED source, the use of the 450 nm interference filter in this measurement is critical.
The nature of the acid and its concentration
The formation of the H2O2 complex is relatively slow at room temperature. Increasing acidity can accelerate the formation of the complex. 17 The same study 17 tested HCl, H2SO4, HNO3 and HClO4; HClO4 had the highest effect. We re-tested H2SO4 and HClO4. The results are qualitatively in agreement with the previous report. 17 At room temperature, in reaction media containing 1.6 M HClO4 and H2SO4 (with a pKa of ∼2, the second proton in H2SO4 contributes very little to the overall acidity at these concentrations and the concentrations of the two acids used are therefore comparable), the response in the HClO4 medium was a factor of ∼3 higher. Both situations lead to highly linear response behavior, over a concentration range of gaseous 0.0 -5.0 ppbv H2O2 at liquid flow rates of 87 µl min per channel, the calibration equations were, respectively:
(1)
The acidity alone cannot account for the observed behavior. It is likely that there is some anion ligation to the TiTPyP reagent. We further hypothesize that the TiTPyP reagent, rather than any of its ligated forms, most easily reacts with H2O2 and hence perchlorate, which displays the least complexing ability of the two anions, provides the best reaction medium. HClO4 was used henceforth. The effect of HClO4 concentration on the reaction rate was studied by injecting a 5 µM H2O2 standard with different concentrations of HClO4 contained in the reagent. The results are shown in Fig. 5 . No plateau is reached and the sensitivity continues to increase with the acid concentration even at the maximum acid concentration studied. This appears to be not as much a kinetic effect as it is an increase in the molar absorptivity with acidity. Carrying out the reaction at high HClO4 concentrations lead to the highest sensitivity. However, dealing with excessively large concentration of acids is problematic. For further experiments, we therefore chose a reagent that leads to 1.6 M HClO4 in the final mixture.
Effect of flow rate
Both the reagent and the carrier flow rates were simultaneously varied in an identical manner, so that the acidity of the reaction mixture remains unchanged. The reaction time varies inversely as the flow rate. The effect of this reaction time on the system response is shown in Fig. 6 . The line shown is the best fit to a pseudo first-order rate equation. Under these conditions, the reaction half life is ∼2.5 min and to get reasonable completion of the reaction (five half-lives) it will require 12.5 min. These results seemingly suggest a longer time scale for completion than that previously reported. 17 However, the actual reaction likely follows a second order rate law and previously reported reaction conditions involved a greater concentration of the reagent. A reaction time of 12 min or more is somewhat too long for reasonable response and lag times for the analytical system we envisioned. As such, for the recommended default flow rate of 87 µL/channel, the reaction time is 3.7 min and the reaction goes ∼65% to completion.
Effect of reaction temperature
We studied the effect of heating the reaction coil to temperatures up to 70˚C with a constant reaction time of 3.7 min. The results are shown in Fig. 7 . When using HClO4, the analyte signal decreases in a minor fashion with increasing temperature and essentially becomes invariant past 50˚C. Therefore, heating the reaction coil is unnecessary when using HClO4; we do not therefore recommend heating.
Nevertheless, it is very interesting that when H2SO4 is used, increasing the temperature does have a beneficial effect. In this case, the analyte signal increases with increasing temperature. We suggest that there is a deep interplay between the effects of acidity, temperature and the ligating ability of the anion associated with the acid. First, the site where H2O2 (or HO2 -) binds must normally be occupied by OH -, especially in the absence of other anions of significant coordinative ability. This accounts for the strong dependence of acidity, which appears to be a thermodynamic, rather than a kinetic effect (cf. Fig. 5 ). The precise position of this equilibrium must also be dependent on temperature; first principles will suggest that the steep dependence of pKw on temperature will lead to greater OH -concentrations and a lower extent of reaction of H2O2 with increasing temperature. In the presence of ligating anions, an even lower amount of the H2O2 can ultimately react so that even with a very large reaction time, the analytical signal will be lower. However, since there is less of the faster reacting species (which could be either the unligated or OH --ligated species, or both), the approach to that ultimate equilibrium may be very significantly aided kinetically by an increase in temperature. The observed results do not indicate that the equilibrium lies so completely to the right that all the H2O2 reacts and that the adduct is quantitatively formed.
Effect of methyl hydroperoxide
As previously alluded, MHP is the most common atmospheric organic peroxide. The commonly used enzymatically mediated peroxide assays cannot differentiate between H2O2 and MHP, both behave as peroxidatic oxidants. This complicates the selective measurement of H2O2. [32] [33] [34] We had hoped that since the present reaction system does not work on a redox principle, it may show very different behavior. For example, if ligation by HO2 -is involved, MHP is not expected to ionize and virtually no response is expected.
Our hope was amply fulfilled. analytical system, even at a concentration as high as 100 µM, showed no response at all, suggesting that among peroxides, the reaction system should be essentially specific for H2O2. In addition, while there are certain heme proteins that display peroxidatic activity and can distinguish between H2O2 and MHP, 29, 34 these cannot distinguish between H2O2 and hydroxymethylhydroperoxide (HMHP, OHCH2HO2, adduct of HCHO and H2O2) because HMHP rapidly hydrolyzes to HCHO and H2O2 under the alkaline conditions of these assays. 29 While HMHP was not presently tested, it is known to be stable under acid conditions and would not be expected to interfere.
Interference from sulfur dioxide and ozone, porous PTFE vs. Nafion membranes
If sampling were conducted through a bubbler, SO2 will quantitatively interfere negatively via its fast redox reaction with H2O2. The interference from ozone is more complex, ozone reacts with bulk liquid water generating H2O2, the reaction being promoted by various surfaces and is also catalyzed by OH -. 35 Deposited carbonaceous particles in an inlet line prior to the collector or instrument itself can also be a large source of artifact H2O2 from reaction with O3 and water vapor. 36 However, this latter artifact is beyond the domain of the method/instrument itself and can be minimized by routine cleaning of the inlet lines. We will not dwell on this; the experiments discussed below were conducted with clean inlet tubes.
The record LOD for atmospheric H2O2 measurement is currently held by Komazaki et al. 37 A solution of Ti(IV)-4-(2-pyridylazo)-resorcinol (PAR) (100 µM Ti(IV), 10 µM PAR, adjusted to pH 2.2 with HCl) is used as the scrubber liquid in a porous PTFE DS. H2O2 reacts to form a Ti(IV)-H2O2-PAR complex. For the best LOD, this is separated from the excess reagent by reversed phase HPLC. Air is sampled at 1 l min -1 for 55 min and in an automated batch mode operation 3 ml of the DS liquid is withdrawn, adjusted to a pH of 11.9 (whereupon the peroxo complex is formed) and 80 µl of the sample is injected into the HPLC system. An LOD of 9 pptv was reported.
The DS liquid is held at a low pH supposedly to reduce interference from O3 and SO2. The authors report that they do see a significantly lower O3 effect than that observed by de Serves and Ross. 36 We repeated a similar experiment with a porous PTFE DS (Note that the ePTFE membrane used is much thinner wall and much larger pores than the membranes used by Komazaki et al. 37 The results that we observe are shown in Fig.  8 . Note that pure water, not an acidic liquid, was used in these experiments. It can be seen that the O3 interference is quite nonlinear with concentration. Considering that atmospheric H2O2 concentrations are typically about 2 ppbv, ozone interference is severe.
Quite different results were obtained with a Nafion membrane DS. First, the surface of this membrane is not wet. There is no direct reaction with liquid water. Second, ozone has to permeate the membrane and the solubility of ozone, a relatively nonpolar compound, must be quite low in highly polar Nafion. Third, with Nafion, a strongly acid cation exchanger in H + -form, it is not needed to use an acidic liquid. Based on a very thorough study using the same pure water as DS liquid, we had previously found that ozone has a small linear positive interference in H2O2 measurement, 1 ppbv being equivalent to 2.37 pptv H2O2.
In support of using an acidic DS liquid, Komazaki et al. 37 advance the thesis that SO2 interference should also decrease with decreasing pH because SO2 solubility in water decreases with increasing acidity. This argument is fallacious. It has long been known that the rate of the H2O2-S(IV) reaction increases with decreasing pH. 38, 39 Indeed, recently a successful miniature conductometric sensor for SO2 has been developed that uses dilute H2SO4 as absorber. 40 The highest SO2 concentration tested by Komazaki et al. was only 14 ppbv whereas peak SO2 concentrations in many urban areas can be much higher. Even at this concentration, an equivalent of 0.4 ppbv of H2O2 was destroyed; this would represent a very large negative error in measuring typical ambient levels of H2O2. To be fair, the Komazaki et al. used a DS liquid pre-doped with H2O2 in their experiments, simultaneous sampling of gaseous H2O2 and SO2 will likely show less interference. We therefore sampled different concentration (0 -300 ppbv) of SO2 with 2 ppbv H2O2 through the ePTFE DS using water as the DS liquid. 50, 100, 150, 200, 250 and 300 ppbv SO2 reduced the signal from 2 ppbv H2O2 by 2.5%, 8.7%, 14.2%, 17.7%, 21.9% and 27.0%, respectively. In contrast, previous thorough experiments 29 conducted with a Nafion DS both at a constant level of H2O2 (1 ppbv) with variable levels of SO2 (0 -200 ppbv), and with a constant level of SO2 (150 ppbv) with 1 -5 ppbv levels of H2O2 showed a 1.43 ± 0.27 pptv H2O2 loss per ppbv SO2, lower than that observed with the ePTFE DS above, and a level of interference that would be acceptable under most circumstances. We thus suggest that in the presence of concurrently available SO2 data the measured H2O2 values are corrected as follows:
H2O2, ppbv = H2O2, ppbv (measured) + 0.00143 SO2, ppbv (measured) (3)
Based on the above results and the fact that a Nafion membrane further discriminates in favor of H2O2 over larger and less polar organic peroxides, we elected to do all further work with a Nafion membrane DS.
Performance for the determination of gaseous hydrogen peroxide Our final system comprised of a Nafion tube DS, pure water as the DS liquid, and the reagent consisting of 6 µM reagent in 3.2 M HClO4 (both flow rates 87 µl min -1 ) such that after mixing, the final composition was 3 µM reagent in 1.6 M HClO4. The observed absorbance was linear with gaseous H2O2 concentration at least up to 5 ppbv:
The S/N = 3 LOD is 26 pptv. The typical system output is shown in Fig. 9 .
Limitations
Even though low flow rates are used, the use of high concentrations of a strong acid does constitute a serious limitation of the present method. Before we understood that the acidity is causing an equilibrium, rather than a kinetic effect, we carried out numerous unsuccessful attempts to achieve the same sensitivity with much lower solution acidity by putting an ion exchange resin bed as a catalytic reactor (which has an effective acidity of ∼2 M) either in heated or unheated form. Such reactions are also hampered by the uptake of the TiTPyP reagent by the resin, which must first be saturated with the operating concentration of the reagent. For the same reason, direct pumping of the reagent through the DS leads to problems, both due to the absorption of TiTPyP by the Nafion ion exchange sites and secondary effects from changes in acidity of the effluent from variable degrees of evaporation of the reagent.
Because of the very great affinity of the TiTPyP reagent for cation exchange resins and the very small concentration of the reagent actually used, it is possible to recycle the acid, however. If a cation exchange resin column is used after the detector, the effluent from this column constitutes pure HClO4 without the reagent. Typically, due to evaporation of water (very little of the acid appears to evaporate), the concentration does increase, however, compared to the original reagent. Any of a number of modes can be used, the mode that we prefer is to use a batch of 400 ml of the reagent (that lasts about 76 h) and when new reagent is made from the effluent acid, recalibration is done (which would be periodically appropriate anyway). Another option is to use a level sensor in the reagent bottle. The operator is alerted when a certain volume of reagent has been used up and the collected acid in the column effluent is then made up to the same volume. This approach does not account for the small but discernible acid loss and recalibration is recommended in any case.
The intriguing possibility that the TiTPyP reagent can be regenerated from the TiTPyP-H2O2 adduct by catalytically destroying the H2O2 through an appropriate catalyst like platinum black can be very attractive and should be investigated in the future, as is the possibility of measuring the TiTPyP-H2O2 adduct on the resin bed itself.
Conclusions
Atmospheric H2O2 can be sensitively determined with the TiTPyP reagent and an LCW-based solid state absorbance detector. With the Nafion DS as the collector, there are no interferences from MHP, and very little interference from practical levels of SO2 and O3. This is the first practical absorbance based continuously operating instrument that is sufficiently sensitive to measure ambient levels of gaseous H2O2.
